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A Micro-Polar Theory for Piezoelectric Materials*

Abstract

Theory of the piezoelectric materials had been developed many years ago. There exist a
several theories of the piezoelectricity. All of them lead to the very complicated eguations.
The exact solutions of these equations may be found only for very particular cases. By this
reason it is not easy to compare theoretical and experimental results. At the present time
it seems to be possible to say that there is no qualitative discrepancies between theory and
experiments. From the pure theoretical point of view in the theory of the piezoelectricity there
are some serious problems. It was supposed that the stress state of the piezoelectric material
can be described by means of the symmetrical stress tensor. However some piezoelectric
materials are the dipole crystals. In such a case the rotation degrees of freedom must be
taken into account. It means that the theory of the piezoel ectric materials must be constructed
on the base of the micro-polar continuum. The theory of such a kind is presented in the
report. The basic equations are derived from the fundamental laws of Eulerian mechanics
and contain two unsymmetrical stress tensors. The theory presented in the report differs from
conventional theory very significantly. However under some assumptions this theory may be
reduced to the classical one. The theory was tested on some simple problems and results were
compared with classical ones.

1 Classical set of equations

Here we briefly present main equations of the classical theory.
Equation of motion:

V -1+ pF = pl, Q)

where T = 1T isthe symmetric stress tensor, p is the mass density, u is the displacement vector.
Poisson eguation:
V.-D=0, V-.E' =0, 2

where D = E’ + 47tP is the vector of electric displacement density, E’ is the vector of electric
field intensity in vacuum, P isthe vector of density of induced polarization.
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The energy balance equation in classics has the following form:
pU=r1--£+E-D, )
The electric enthalpy density is expressed by
F=U—E-D. (%)
For the linear approximation the following biquadratic form is employed:
pIE‘:pIFo+%e--C--s—E-M--s—%E-e-E. (5)
Constitutive equations are expressed by:
t=C..e—E-M, (6)

D=M--t+e-E, )

where E isthe vector dectric field intensity in medium, ¢ isthetensor of linear deformation, C is
thetensor of dasticity, M isthetensor of piezoelectricity, e isthetensor of dielectric permittivity.

This notation uses displacements and electric field as independent variables. The other no-
tation assumes, that independent variables are displacements and electric displacement. This
notation of classical theory uses the intrinsic energy instead of the electric enthalpy. When equa-
tion

pU:on—f—%s--C(c)--£+D-M(°)--£+%D-e(°)-D, (8)

is used, then the constitutive equations are expressed by equations:
t=Cl¢..e4+D-M¢) (9)
E=M()..e+el®).D. (10)

2 Particle model

In the present work we present a micro-polar theory for mediums with non-zero electric dipole
momentum density. Such a materials possesses piezoelectric properties, i.e. the electric field
influence on the mechanical state of medium. In order to write equations for piezoel ectric media,
we have presented the particle model of such media. We use lagrangian description.

Let the particles be point bodies with dipole properties. The particles have abilities to move
in space and rotate. L et the particle have the ability to change the value of dipoleaswell, i.e. the
particleis elastic point-body. Let the particle with dipole value d ¢ in the reference configuration
be characterized by following parameters: R/ and R, are the vectors of charges g+ and ¢,
respectively (¢ = —q— = g arethe charge values); r istheradius of geometrical center of the
particle.

Let in the actual configuration charges q* be moved from points R(“)—L to points R*. Respec-
tively, the center of particle is moved to the point r. Let us introduce the following notations:

u=r-—ro, (NN
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Figure 1: Point-body as a couple of charges

ut =R* — Ry, (12)
u" =R —Ry. (13)
do = glo = q(R§ —Ry), (14)
d=gl=q(R"—R), (15)

Let 0(|0] < 1) bethe turn of the vector dy tod. Let p = d — dy be the change in dipole state.
Let 6 be the relative dipole value change

d| = [dol(T + o). (16)
After certain transformations for p we have decomposition
P =~ p1 + P2, (17)

where
p1 = odo, p2 = (1+6)0 x do. (18)

L et us define the piezoel ectric polarization density of continuum as

ZkgAv(pw + p2x)

P [ _ pp p
P i, EEe R P @)

where
PV =P,  Ph=(1+5)0 x P*, (20)

where P* isthe density of spontaneous polarization.
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The polarization vector P is the sum of two orthogonal polarization vectors of different
nature: the first one is associated with rotation of medium particle, the second one is associated
with changing of its absolute value.

Let us now write the power, given to the point-body by effective electric field. For this
purpose we use the Lorentz formulae and Poisson equation. Finally, after transformations we
have:

e=(V-E)do-Uu+E-p. (21)

Using equations (18), let us write the time derivative of the vector (17):
p=25(do+0 xdg)+ (148)0 x do ~ ddg + 0 x do. (22)
Now, the equation for medium may be written:

E=(V-E)YP-U+(1+8)(P°xE)-0+(P-E)S. (23)

3 The Laws of motion

Kinetic energy for the point body with inertiatensor J is represented in the form:

1 . 1
K= Emu2+§w-Q(t) 230 w. (24)
The density of momentum:
K= %
1= du = pu,

where p = V=1 5~ m; is the mass density, V is material volume. The equation of momentum
\%
balanceis expressed by

d

d .
— | KydV=— dVv = FdVv T dS 25
dt Jv 1 dt Jv Pu va +L (== ()

whereF is external force density, T (., is stress vector. The following formulageis true:
T(n) =n-T, (26)
wheren is normal vector, T is Cauchy stress tensor. Let us apply Green theorem

JT(n)dS:Jn-TdS:JV-TdV
S S A\

and, taking into account (26), the equation (25) become
J- [pl — pF —V - T]dV =0. (27)
\%

The momentum bal ance equation:

V - T+ pF = pl. (28)
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The other form of this equation is expressed by
1
V-T—szq—I—pF:pU, (29

wheret = L(T+TT"),andq=T,.
For turn-tensor Q it is possible to write the following approximation:

Q1+ ¢ x|, b = deg. (30)
Using Poisson equation .
Q=wxQ, (31)
the expression for angular velocity follows:
w = .
For small w), the equation for kinetic momentum is expressed by:
Kz:rxlq+%=p(rxu+3.ép(x,t)). (32)
Integral form of the second Law of dynamicsis as follows:
iJ' szV:J- p(erF—HL)dV—i—J- (rxT(n)-i-p(n)) ds, (33)
dt Jy v s

where LL is the external momentum, p(,,, is the momentum stress tensor. The Cauchy equation
forpis:

By =N-u (34)
Thelocal form of the second Law is expressed by:
V-u+q+pL=pl-. (35)
Let us suppose
p=mxl (36)

Thisis not the only available representation, but it is not so important today to specify it more
precisely. Finaly we have the following equation:

V xm+q+pL=pJ-b. (37)
Theintegral form of the energy balance equation is expressed by:

d T .5, 1. - B r L
EJ'\,(EPU +§pcb-I-cb+pU>dV_J'v(pF u+ pL ¢+Q)dv+

+J (T(n) VETI -d>+H-n)dS, (39)
S

where H is energy flow vector, Q is density of external energy supply sources. Generaly, Q
represent the energy dissipation.
Theloca form of energy balance equation is represented as follows:

pU=7-6—q-0—m-y+V-H+Q. (39)
where 1

1
e=5(Vu+wul), 0=d-5Vxu y=Vxo. (40)
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4 Equations of piezoelectric medium.
Let electric field be the only external influence. Then, from equation (23), we can obtain:
oF = (V -E)P*, (42)
pL = (148)P° x E. (42)
Thelast term in equation (23) comes directly to the intrinsic energy equation.
Q = (P*-E)s. (43)

Let usintroduce two scalars: the temperature T and the entropy S. Let that values satisfy the
following equation: _
TS =V -H+Q;, (44)

where Q; represent the work of dissipative forces
Qi=ile, &) -£—0i(6,0) - 8 —mi(v,¥) - V. (45)
For heat flow vector H it is possible to write equation:
H=—xVT. (46)
The equation for intrinsic energy may be rewritten:
pU=7-6—q-0—m-vy+ (E-P°)5+TS. (47)
Let us assume the hypothesis of natural state and represent the intrinsic energy as positively

defined bilinear quadratic form:

1 1 1 1
pU = pUp + %e clel e 4 50 c®.o+ 5V c .y + Zc“’”zsz + zc(5>sz+
+0-CP) gty .CYel g +5C) e 4 SCIS<) gt
+vy-C¥.9+5C% .9 +5CH% . 0+

+6CY) .y 4 sCY) .y + C53)5S.  (48)

Then, it is possible to write Cauchy-Green relations:

T= ?—F =Cl) g4 0.Cl%) +y.Cclvd) 4 P54 C3s, (49)
—q= % =Cl®)..e 4 C® .9 +y.Cv® 4 clo®g 4 ClS¥g, (50)
—-m= ?—YU =Cvdl.g4Cc® g CcV .y Vs 4 5V, (51)

E.ps = 0PV _ cie. gy clo0) . g4 clov) cy+C®s 4 cS)g, (52)

0
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opU

T=—c = Cl3e)..e4CB3 .94 CBY) .y +C¥S)5 4+ Cl5)s. (53)

The equation of motion are as follows:
V-r—%qu—i—(V-E)’Ps:pU, (54)
Vxm+q+(14+8)PxE=0pJ- o, (55)
—XV?T+Q; =TS. (56)

5 Micropolar theory: transformation to classical form

In order to compare the set of equations described above with equations of classical theory, let us
try to make some assumptions and simplify the micropolar theory. Let us rewrite equation (19),
taking into account (20), and suppose b < 1:

PP = 5P° +0 x P°. (57)

From this equation it is obvious, that for known & and © it is possible to find P P. Reverse task
has no single solution. Let us suppose © - P* = 0. Then, from (57) it is possible to write:

P xPY
GZW:X X,Pp, (58)
P.pr

wherex® = P*/|P*%|?. Assume, that ¢ = 0 (this assumption is valid for crystalline structures)
and neglect the temperature effects. Equation (55) rewrite as follows:

q=—P° x E. (60)
Then, relations (49)—52) become:
t=Cl e + PP (—x* x CO 4 x5 @ Cl%)), (61)
P xE=C ..e + (C® x x* 4 C®®) g x%). PP, (62)
PS.E=C) ..e +(CBY x x5+ Cl) g x%)- PP, (63)

From equations (62) and (63) it follows the expression for E:

E=(—x*xC% +x*®Cl)..e+
+ (*XS ~ C(G) ~ Xs +Xs ® C(BG] > Xs 7Xs > C(é@) ®Xs +C(5)Xs ®XS) . ,Pp‘
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Termsx® @ C®9) x x5 = 0 and x® x C(®®) @ x* = 0. Thisis obvious from the symmetry of the
system: either the vectorsx® and C(®9) must be collinear at the given point of medium or vector
C(%9) = 0 dueto structure’s symmetry.

Thus, we obtain the system of equations

t=C™..e4+PP .MM, (64)
E=MM..ee™.pr (65)
The following notations are used:
cm =cle), (66)
MM = x5 @ ClPe) —x= x o) (67)
e = Clys @ x5 — x5 x CO x x5, (68)

The obtained equations (64)—65) have similar shape compared to equations of classical theory
(9)<10). Moreover, comparison of the shape of mentioned material tensor with material ten-
sors of classical theory shows the identical non-zero components placement, i.e. these material
tensors are equivalent.

6 The system of equations for two-dimensional layer.

Let us consider the layer, made from material with two orthogonal planes of symmetry. Let
thickness be along e3 direction. Then, for displacements we have equations:

U =1 (x1,x3)e1 +uz(x1,x3)es, & = d2(x1,%x3)e2. (69)
L et the spontaneous polarization and electric field be along the e 3 axis:
P(s) = plsley, E = E3(x1,x3)es. (70)

Theform of material tensors must be obtained, using the theory of symmetry. In order to simplify
equations, here and further we will express & from eguation (52) and substitute it into equations
(49), (50) and (51). Also, we will neglect temperature effects for the same reason. After trans-
formations, the following system of 3 differential equations of the second order is obtained:

0%, 0%uy 0%u; 92, 02 RI0PS
C C C C Cis—+C
! x4 Tl 0x3 * ]3ax16><3+ 1 ox? + %3 +Ge ox Z +
aEg, 62u1
Cy7Pls =p—=— 71
+ Cy7 aX] =p atz ) ( )
azug, azu azu1 a(b azd)z aE3 azug,
— =p—, (72
Ca 2 +C22 ox -f-Czsa o +Coag = +Czsa " +C26P! e P (72)
au1 ou a U1 azu1 azug, azd)z azd)z
C31a—+Csza +C336% + Csq ax% +C358183+C36 ax% + Csz7 aX%-f—
a 3 azd)z
pl&)——= = 7
+Css e C¥V 2 = pr—> 32 (73)
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where the following notations are used:

(6e)y2 (0e) ~(d¢€)
(C ) (&) (0e) | 1~(0) (e) (e) € C3 10(0)
Cn = Cn - _6) v Cia=0Cs5 —Co5 +3C, Cis =G5 +C55 —— c(® -G,
(8e) ~(8Y) (8¢)
C C 0 0 C
Cra=C" = —, Cis=C357 — 30, Cie =307 =Y, Ci7 = Zr,
(6e)y2 (0e) ~(d¢)
(&) (6e) | 1~(0) (e) (C3777) (e) (e) € C3 10(0)
Ca1 =Cs5 +Co5 +7C,, Caa=0C35 — c&) Ca3 = Ci5 +C55 —— c®) 3G,
(5v) o (5¢) (5¢)
(6e) | 1~(0) (ve) (vye) _ 1p,~(ve) _ C3 " C3 C3
Caa=Cys +3C, Cas =G5 =G5 — 367 — c(® v Cae = c
(5v) o (5¢)
1~(0 0 1~(0 0 C c
Car = 3CH €89 Cap= 2 — 0¥, Gy =Cy - S S
(8v) ~(8¢)
0 0 C c
Can = 2CO° — €y, Cas = iy —Cly — S - ST ¢y,
(y)  (cl@V))2 () c(5v)
C36 =C3' ——2m— Cor=Cy", Cas=—Tmm, p2=0p)2.

Let us perform similar manipulation for the set of classical equations (1), (2), (6) and (7).
After transformationsthe system looks as follows:

a uq a LL] (¢) (€) azu3 6E1 aEg, 62u1

C C C Ce ) —Mis— —M3z1— = p—— 74
i 2 5 g O 65 500G  Meag Mgy, TP (M
a us a us () (€) azu1 aE1 aEg, azug,
—Mi5s— —M3z3— =p—— 7
Cs3 X ety ox2 T TG TG ag  Miey Bag P (P
02 02 02 oE oE
Mis—— v + Msz3—— u3 (M15+M31)i+€1—]+€3—320. (76)
a a X3 aX1aX3 aX] aX3

Now let us consider another two-dimensional case. Let material be as in the previous case,

with two orthogonal planes of symmetry. Let thicknessbealonge 3 direction. Then, for displace-
ments we have equations:

u=u(x1,x3)er +uz(x,x3)es, & = b2(x1,%3)e2. (77)

Let the spontaneous polarization be along the e direction and electric field is parallél to the
thickness direction:

P(S) :P(S)e]) E:E3(x],x3)63.

Similarly to (71)—<73), the following system of equation is obtained:

0%uy 0%uy 0%u; 0%d, ad)z RI0PS
Cn C C C Cis—=+C =0 78
ax1 +Ci2—— ax§ + ]36x1a><3+ 14 a% + 153 + Cl6—— a% ) (78)
0%us 0%u; 0%uy GIoP) %,
= 7
Can ax% €2 ax§ +Cas 0x10Xx3 +E2 0x1 +Cos 0x10x3 0, (79)
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au1 ou a U1 azu1 azug, azd)z azd)z
C31— +C C C C C C
31 s + 3za + 33 ax1 + C3q ax§ + 353 1aX3 + Cs6 ax% + C37 ax§ +
(5¢) OUq (s¢) 0U3 v) 02 s (0)
+ <C1 Fo +C o +cl? B ) 0 PIIE; — Cyp =0. (80)

Equations (78)—(80) differs from equations (71)—(73) by the presence of terms, proportional to
electric field in equation (80). This situation occurs due to the geometry of the case: spontaneous
dipole momentum is perpendicular to electric field direction. The set of classical equationsis
written as follows:

a u az 1 () () aZLLg aE3 azu1
cle cle C C —Mz1— =p—— 81
W 5 Fra 5 g Tt G lg g T Mieg TP @

2 2 2 2

(E)a us (E)a us (¢) (¢) 0 uq 6E3 0 us
Csp == 4+ C5 = + (C}F + CL ) = —M332— = p— 82
> 3x? s 0x3 + (G5 55)ax1axs 33 9%3 TSI (82)

62u3 62u3 62u1 aEg,

Mis— + M33—5 M M31)——— — =0. 83
15 e + Ma3 o2 + (Mis5 + 31)ax1a><3 + €3 s (83)

The comparison of two systems of equations (78)—80) and (81)—(83) shows significant dif-
ference of two theories. In the classical theory electric field comes into equations only via its
derivatives, while in the micro-polar theory we find linear terms.

The obtained equations are rather complicated. Meanwhile, it is possible to reduce number
of independent variables by using assumption for Cosserat medium (¢ = 0). From this point of
view we are going to consider the following, easy case.

7 The solution for one-dimensional static case.

Let us consider the infinite plate in electric field. Let the material, from which the plate is made
of, have two mirror planes of symmetry, crossed by ez axis. This symmetry group is named
mm2 and it represent such materialsas LiGaO; and Li, GeO3. One of the planes of the mirror
symmetry is parallel to the plane of the plate. Let spontaneous polarization lay in the same
direction and electric field is parallel to the thicknessalongn = e, axis:

Plsl =plsles,  E=Ese,.
The only independent variable is x,. From equations (54)—(55), after transformations, it

follows: (5e)
e  (CT)P\ %y
(CZZ C(8) aX% =0, (84)
(e) (0e) | ~(0)) OPuz
<4C44 —4C, + G ) 5 =0, (85)
x5

(5¢) ~(5Y) 2
T .(6)  ~(0e)) Ous GG (ve) ) 0°U2 (5
(ZC‘ — iy o ECORR: ox2 PR (86)
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h — > Ps

Figure 2: one-dimensional case

Choose the boundary conditions as follows:

xy = +h/2: n-t-n=20, (87)
and
X2 = 0: Uy = O, usz = 0. (88)
After transformations, (87) becomes:
6u2
=+h/2: — =0.
X2 / o, 0 (89)
Using (88), for u, we have:
uz(x2) =0. (90)
From (86) and (88) the solution for w3 follows:
us(x2) :P(SJszz/(%cﬁe) fcﬁi’f]). (91)

7.1 The solution for one-dimensional classical case.

Let us consider equations (6)—(7). We will use here electric potential ¢ instead of electric field
E = —V . The system of equationsin this case can be expressed by:

aaZTu%z —0, Cu a;:; + Moy %1‘5 —0, MM% - 626627(5 0. (92
The boundary conditions:
x2 = +h/2: n-t-n=20, n-D=n-Dy,
x2 =0: u; =0, us =0, @ =0,

where Dy = €oE, € isthe dielectric permittivity of vacuum. The boundary conditions are as
follows:

ou ou 0 ou 0

2 =0, C44—3+M24—(p=0, M24—3—€z—(p:E2.

aXz aXz aXz aXZ aXz
The solution of this system is as follows:
_ Moy Eyxy o= Caa

M3, + Casex ' M3, + Casex

The solution for displacement u (90)—<91) and the solution (93) differs by constant multiplier.
Both solutions contain material constants, but in the first case that constants are not yet known.
Thus, the solutions seems to be equivalent.

Uy = O, us EzXz. (93)
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8 Conclusion.

The micropolar theory of piezoel ectricity has some important advantages compared to the classi-
cal one. Considered theory clearly shows the way how electric field influence on matter. Thereis
possihility to consider inhomogeneous mediums by setting P *(r) field. The micropolar theory
allow to consider more general cases then classical one, adding new degrees of freedom. There
is possibility to greatly simplify the micropolar theory by neglecting rotational degrees of free-
dom. Even after that simplification theory remains unsymmetrical and, thus, generally different
compared to classic one. Meanwhile, unsymmetrical linear theory may lead to similar material
tensor shapes and solutions, obtained by both theories.
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